Abstract We experimentally demonstrate coupling of an atomically thin, free-standing graphene membrane to an optical cavity. By changing the position of the membrane along the standing-wave field of the cavity we tailor the dissipative coupling between the membrane and the cavity, and we show that the dissipative coupling can outweigh the dispersive coupling. Such a system, for which controlled dissipation prevails dispersion, will prove useful for novel laser-cooling schemes in optomechanics. In addition, we have determined the continuouswave optical damage threshold of free-standing monolayer graphene of 1.8(4) MW/cm 2 at 780nm.
The coupling between light and matter is a fundamental ingredient for many applications ranging from highly precise detection of mechanical motion [1, 2] to quantum information science [3] . Accurate control over the amplitude and phase of the coupling requires precise localization of the matter relative to the light field. Such control has been experimentally demonstrated using microscopic, point-like physical systems such as single atoms [4] , trapped ions [5, 6] , gold nanoparticles [7] , semiconductor quantum dots [8] and NV centers in diamond [9] . Additionally, macroscopic objects, such as SiN membranes have been coupled locally to standing-wave light fields [10, 11] . They combine low absorption and high dispersion with very good handling, and they have been used, for example, in optomechanical experiments [12] in which the motion-dependent interaction between the membrane and a light field is studied.
Advances in the fabrication of two-dimensional materials, like graphene [13] , have made it possible to fabricate atomically thin membranes, which combine the ease of use of macroscopic membranes with the positioning accuracy of a single atom. Owing to their low mass and high stiffness they promise higher vibrational frequencies [14, 15] than SiN membranes, which is of great interest for future graphene-based optomechanical applications. Another key difference between membranes made of graphene and those made of SiN is the nature of the light-matter coupling. While for SiN membranes the coupling is dispersive, for graphene membranes it has been predicted to be mostly dissipative since a monolayer of graphene exhibits a single-pass absorption of A ≈ πα = 2.3% in the optical range [16] . Hence, a graphene membrane will cause a position-dependent dissipation of the intra-cavity field, which is wavelengthindependent within the visible to near infra-red spectral range. In contrast to standard dispersive optomechanical coupling [12] , a predominantly dissipative coupling between membrane and cavity field could allow for efficient laser cooling of the membrane's motion even outside the resolved sideband regime [17, 18] .
Recently, graphene has been optomechanically coupled to superconducting microwave cavities [15] and to the evanescent field of an optical microsphere-resonator [19] , however, in both cases the spatial structure of the electromagnetic field was not resolved in the coupling. Here we present an experimental study of a free-standing layer of graphene inside a Fabry-Perot resonator. We demonstrate that the position of the membrane with respect to the cavity standing-wave field leads to a strong and highly controlled modulation of the cavity losses due to dissipation. Furthermore, we find that the change of the cavity linewidth due to dissipation is three times larger than the dispersive frequency shift caused by the membrane, which realizes for the first time a regime dominated by dissipation rather than dispersion.
Our experimental setup is shown in Fig. 1 . It is composed of a Fabry-Perot optical resonator with a freestanding layer of graphene in the "membrane-in-the-middle" configuration. The position of the graphene with respect to the standing wave can be experimentally controlled which allows us to influence the dissipation and hence the cavity loss rate. The latter is reflected by an increased linewidth and a reduced in-coupling into the cavity when the membrane is moved from a node to an anti-node of the standing-wave field. In order to achieve a good coupling between the cavity mode and the graphene The position of the graphene sample can be fine-tuned in the x-yplane using a piezo stage. Light is coupled into the cavity from the low-reflectivity side and the reflection from the cavity is monitored using a 50:50 beamsplitter and a photodiode. The high-reflectivity mirror is mounted on a piezo transducer in order to adjust the cavity length.
layer, the mode waist of the cavity must be much smaller than the physical size of free-standing graphene flakes, which typically is on the order of 10µm.
In order to address the challenge of working with small free-standing samples, we have designed an optical cavity featuring two integrated lenses to achieve an experimentally verified mode-waist of w 0 = (1.2 ± 0.2)µm. The cavity has a total length of l cav = 32 cm, corresponding to a free spectral range of ν FSR = c/(2l cav ) = 470 MHz (see Figure 1 ). We perform reflection spectroscopy on the cavity using light from a single-mode external-cavity diode laser at 780 nm. For reference, we first measure the finesse of the empty cavity to be F e = 2π/L e = ν FSR /δν e = 83±9, where δν e = (5.6±0.6) MHz is the linewidth of the cavity and L e = (7.5 ± 0.8)% are the total losses. Both the transmission of the mirrors and the intra-cavity optics contribute to the losses. The linewidth of the cavity determines the electric field decay rate by κ e = 2π × δν e /2 = 2π × (2.8 ± 0.3) MHz. Next, we introduce a free-standing graphene sample into the Fabry-Perot resonator. We use a commercially available sample grown by chemical vapor deposition (CVD) and transferred onto a transmission electron microscopy (TEM) -grid [20] . The graphene is mostly a single-layer sample but also a few two-layer flakes have been detected, see below.
Initially, we position the graphene sample at the node of the standing-wave field by minimizing the losses (linewidth) of the cavity. When subsequently sweeping the center frequency of the laser by one free spectral range of the cavity (∆ν L = ν F SR ), the relative position between graphene and the standing-wave changes from a node to an antinode as depicted in Figure 2 (a) . Resultingly, the losses of the resonator are different for the two laser frequencies and allow us to perform a differential measurement of the cavity losses caused by the graphene layer without the need for mechanical realignment. An example of such a measurement is shown in Figure 2 (b). We can also access other locations of the graphene sample relative to the standing wave by changing the cavity length by δz using a piezo transducer at one of the cavity mirrors and perform a similar measurement. In Figure 2 (c) we show the complete results of how the cavity finesse changes when positioning the graphene sample at different locations within the standing wave. The results highlight that the periodic structure of the cavity losses can be clearly resolved. The observed periodicity of λ stems from moving the cavity mirror rather than the graphene sample.
We fit our experimental data with a theoretical model which computes the total cavity dispersion and losses from the dispersion and absorption of each element in the resonator and then solves for the condition of a stable resonator round trip [11] . In the model we have used the reflection and transmission amplitudes for graphene calculated from the Fresnel formulas for a membrane of thickness d g = 0.345 nm and with a complex index of refraction of n g = 2.71 + 1.41 i [21] . Together with the empty cavity loss of L e = 8%, which is in agreement with the data for the graphene at the node, this model fits the data well, as can be seen from the solid line in Figure 2c . For a single layer of graphene we find that the decay rate of the cavity electric field increases by ∆κ = 2π × (3.5 ± 0.4) MHz, which quantifies the dissipative coupling between the graphene flake and the resonator mode. On different sections of our graphene sample, we have have observed different values of the absorption. In particular, there are three different discrete values of the finesse, which we attribute to different number of layers. In order to analyze this effect, we extend the numerical model to analyze how many layers of graphene contribute to the absorption. In Figure 3 , the dashed line shows the behavior of the cavity finesse as a function of the (continuous) thickness of the absorber. The data points show the measurements and we find that they match the curve equidistantly, and hence count the numbers of layers. The behavior can also be understood in the following simplified way: an absorber with a single-pass loss A leads to an average loss of 2A in the standing-wave cavity. From the cos 2 (2πx/λ) structure of the standing wave field it follows that the peak loss of a sub-wavelength thick absorber is 4A. In lowest order we assume that the single-pass loss is proportional to the number N of layers and hence the cavity finesse for the graphene sample at the anti-node behaves as F = 2π/(L e +4N ·A). The squares in Figure 3 display the result of this estimate using A = 2.3%, which agrees well with the data.
So far, we have demonstrated that positioning of a graphene membrane at specific positions within the cavity field leads to controlled dissipation. We now set this into relation to the dispersive shift, which is the change of the resonance frequency of the cavity caused by the presence of the graphene layer. This is an important quantity since certain optomechanical laser-cooling schemes require optical dissipation-dominated coupling 1 ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ rather than dispersive coupling between membrane and cavity [17, 18] . However, membranes with such optical properties have not yet been demonstrated experimentally. Considering the change in the optical path length of the cavity by the graphene membrane, we theoretically estimate the dispersive frequency shift
MHz. Hence, we expect the dispersive shift to be smaller than the total linewidth of our resonator and towards smaller absolute resonance frequency as the optical path length becomes longer when graphene is placed inside the resonator.
In order to experimentally measure the dispersive shift without the efforts of homodyne detection, we position the graphene at the anti-node of the cavity field and apply a laser power above the optical damage threshold of graphene when resonantly coupled into the resonator. When scanning the laser across the cavity resonance, the graphene layer gets destroyed when the light couples into the resonator. This leads to a quick change of the cavity resonance frequency by the dispersive shift ∆ω D = 2π × ∆ν D (see Figure 4) . It is important to note that the cavity response time is about κ −1 e ∼ 50 ns, which is two orders of magnitude smaller than the separation between the data points and therefore the cavity response is instantaneous. In order to quantify the dispersive shift, the data are divided into two parts representing the loaded and empty cavity (red (diamonds) and blue (triangles) data in Figure 4a ). These parts can be identified by a strong change in the cavity in-coupling efficiency. We fit each of the wings with a Lorentzian profile using the linewidth obtained from the previous measurement and determine the line-centers of the Lorentzian. With this method, we find a dispersive shift of ∆ω D = −2π × (1.0 ± 0.4) MHz, in agreement with our expectation.
From the dispersive and the absorptive measurements, it is possible to calculate the corresponding optomechanical coupling constants obtained when graphene is placed in the center between node and anti-node by G k · |∆ω D | = 2π×(8.3±2.5) kHz/nm and Γ dp = k·∆κ = 2π× (28.3±3.3) kHz/nm, where k = 2π/λ is the wavenumber (see supplementary). From this we find a ratio between dissipative and dispersive coupling of
which exceeds previous measurements in other systems [19, 22] by approximately one order of magnitude. Moreover, it shows the unusual features of the graphene membrane as compared to standard optomechanical membranes, such as SiN, for which this ratio typically is in the range of ∼ 10 −4 .
From our measurements, we also deduce the optical cw-damage threshold of graphene for λ = 780 nm, which is interesting for instance for applications in nonlinear optics [23] or to interface other nanoscopic system like nanodiamonds [24] . To this end, we calculate the intensity of the cavity field at the anti-node from a numerical model [11] . Our data yield a cw-damage threshold of I D = (1.8 ± 0.4) MW/cm 2 , which is the average of ten measurements. This result is comparable to the optical damage threshold of graphene mounted on silicon substrates where lattice modifications caused by bond breaking have been observed [25] . We note that below the damage threshold intensity, no saturation of the graphene absorption has been observed. This is in contrast to experiments with short (ps) laser pulses, where the damage threshold [26] is several orders of magnitude larger than the saturation intensity [27] .
We conclude that a single free-standing monolayer of graphene in a membrane-in-the-middle configuration is a promising experimental platform for cavity optomechanics in the dissipation-dominated regime. Along with the good mechanical properties of graphene, which have been verified by evanescent motional readout [19] , theoretically predicted dissipative ground state cooling schemes [28] might become possible in future experiments.
Appendix
For optomechanical applications, the coupling constants are of fundamental interest. In general they can be divided into dispersive coupling G, which is the change of the cavity resonance frequency ∆ω with the membrane displacement along the cavity axis (z-axis) and into dissipative coupling Γ dp , which is the equivalent change of the cavity electric field decay rate ∆κ. In general these coupling constants can be written as [29] :
Because the electric field along the cavity-axis forms a periodic standing-wave, both of these coupling constants also follow a periodic pattern along the cavity axis. In Figure 5 the theoretical values of ∆ω = ω 0 − ω 0,e and ∆κ = κ − κ e are shown, where ω 0,e and κ e denote the resonance frequency and the electric field decay rate of the empty cavity, respectively. Here the same simulation and parameters as given in the main text have been used. Because the length scale along the cavity-axis is set by the wavelength, the slope and therefore the coupling constants are fully defined by the amplitudes ∆ω max and ∆κ max when the membrane is moved from a node into an anti-node of the standing-wave field (see Figure 5) . In order to calculate the coupling constants, we fit the simulation using suitable fit-functions defined by
where k = 2π/λ is the wavenumber of the intra-cavity field. From this follows:
and equivalently Γ dp = k·∆κ max sin (2kz) = Γ dp,max sin (2kz). Therefore the absolute values become largest when the membrane is placed in the center between node and antinode (z = λ/8), as here the slope of the curves in Figure 5 is largest. While each individual coupling constant even approaches zero when the membrane is placed close to a node or anti-node of the standing-wave field, the ratio of the coupling constants is independent of the exact location as Γ dp G = ∆κ max ∆ω max .
In our experiment we measured the shift of the resonance frequency of the cavity when the membrane is removed from an anti-node of the standing-wave field. 20%. Therefore generally Γ dp /G ∆κ max /∆ω max,e , which is the value we quote in equation (1) of the main text.
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